Modelling of the effects of land use changes on fl ood hydrograph in a small catchment of the Płaskowicka, southern part of Warsaw, Poland. This study concerns the infl uence of urbanized trend affected on the fl ood hydrograph in a small catchment in Warsaw. Based on recorded events a selected procedure for simulation rainfall-runoff process has been accepted for fl ood estimation. The Soil Conservation Services Curve Number method (SCS-CN) and empirical formulae for Nash model parameters, developed by Rao at al. were used to analyze the nine selected events from 2007 to 2009. The analysis confi rmed usefulness of the selected procedure, implicated in a home developed computer program, for estimating fl ood hydrographs as responses of the small urban catchment to heavy rainfall events. Flood hydrographs were estimated for three various stages of land use. The results demonstrate that the peak fl ood fl ow would increase over eight times due to urbanisation of the catchment.
INTRODUCTION
More and more human's activities explore the nature to urbanize, industrialize, construct roads, airports, etc. The general effect of urbanisation on hydrological characteristics of a chatchment is to reduce the amount of infi ltration into the ground and to increase the speed of runoff. The effect of urbanization on surface water quality and quantity is recently quite often investigated (Banasik at al. 2008; Crooks, Davies 2001) . The aim of this study has been to assess the infl uence of urbanisation on fl ood hydrograph of a small catchment located in the south of Warsaw. Based on recorded events, a selected procedure for simulation rainfall-runoff process has been accepted for fl ood estimation. The Soil Conservation Services Curve Number method -SCS--CN (SCS 1972 (SCS , 1986 ) and empirical formulae for Nash model parameters, developed by Rao at al. (1972) were used to analyze the nine selected events from 2007 to 2009. The catchment, which urbanisation started in the late 70-ties of the previous centry, is nearly totally urbanized now. The fl ood hydrographs, as responses of the catchement to rainfall events of return period of 10-years and various duration, were estimated for three different stages of urbanisation i.e. initial land use (no urbanisation), intermediate one (ca 1985) and the current one. The procedure, which is described later, is the same as applied earlier to near located stream (Banasik at al. 2008 ).
STUDY AREA DESCRIPTION
The Płaskowicka catchment, nearly totally urbanized for the last few years, is located in the south of Warsaw, within the Ursynow district (Fig. 1) . Its area is 5.0 km 2 and the impervious fraction is about 65%. Very rapid urbanization started in the late 70-ties, reaching in the middle of 80-ties ca 40% of the catchment area, with catchment's impervious fraction ca. 20%. Sandy soils occupy ca 8% of the catchment area and the sand with clay or silt occupies the remaining part (Pham 2010). Average annual temperature is 7.6ºC (mean temperature in July 18.5ºC), and average annual precipitation is 542 mm (Majewski et al. 2010) . The storm water is collected by pipes and main collector, which outlet is connected to Wolica Ditch, being right tributary of Służew Creek. The Służew Creek has its outlet to Wilanów Lake, which is connected via Wilanówka River with the Vistula River. 
DATA USED AND METHODS

Rainfall -Runoff data collection
Rainfall data were collected at meteorological station of Warsaw University of Life Sciences -SGGW, which is located just at the northern border of the Plaskowicka catchment (Fig. 1) . A tipping bucket rain gauge is one of the typical meteorological devices applied to measure the amount of precipitation.
Water level recorder with pressure sensor allowed registering the water stages at the outlet of the catchment, with the time step of 10 minutes. This data with rating curve, estimated on the base of channel cross-section area and Manning's formula for mean velocity (Ankiewicz 2003) , allowed to estimate the discharge at the catchment's outlet.
Data analysis
Rainfall-runoff data were analyzed to estimate Curve Number as parameter of effective rainfall computation, and to assess a function for transformation of the effective rainfall into direct runoff hydrograph.
Using measured rainfall -runoff data, the empirical CN -value is estimated by the use of the relationship (Hawkins 1985; Banasik and Woodward 2010) :
where S is the catchment storage parameter (mm) computed from the formula:
where P is rainfall depth (mm) and H is effective rainfall depth (mm), assumed as equal to direct runoff, estimated from runoff hydrograph volume after subtracting base fl ow volume. Having the CN value, the effective rainfall is computed from the total rainfall by the use of the formula: 
A conceptual model as proposed by Nash (1957), i.e. a cascade of N-linear reservoirs, of equal storage coeffi cient, has been used to transform the effective rainfall into direct runoff hydrograph. The outfl ow from the fi rst reservoir is considered as infl ow into the second reservoir, and so on. The outfl ow from the Nth reservoir, i.e. the instantaneous unit hydrograph (IUH), is considered as catchment response to unit effective rainfall. The IUH has a form of gamma probability density function given by:
where: u(t) are the ordinates of IUH (1/h); t -is time from beginning of the event (h); k -is the storage coeffi cient (h); N -is the number of linear reservoirs (-).
Methods of moments were used to estimate the model parameters (N and k) for each event, based on the effective rainfall and direct runoff hydrograph. The parameters were estimated to compare them with an empirical formula of Rao et al. (1972) .
One of the characteristic values in rainfall-runoff modelling is the retention of the system or lag time, which is defi ned as the time elapsed between the centroids of effective rainfall and the direct runoff hydrograph. According to Rao et al. (1972) the lag time and the model parameter k depend on the size of catchment, duration of rainfall event, fraction of impervious area in the catchment, and the runoff (i.e. effective rainfall) depth. They can be estimated by computing the Lag time from the formulae:
(5) and the retention parameter: (6) where: U -is fraction of impervious area (-) D -is duration of effective rainfall (mm), A -is total area of the catchment (km 2 ).
The number of reservoirs is computed from the formula:
RESULTS AND DISCUSSION
The main parameters of the nine recorded rainfall-runoff events, according to descending rainfall depth, of the period from 2007 to 2009 are displayed in Table  1 . They clearly present the range of rainfall depth, i.e. from 3.4 mm to 52.8 mm, as well as runoff depth from 2.57 mm to 8.64 mm. The CN-values estimated according to the formula 1 and 2 from the data P and H given in table 1; vary from 72.5 to 99.7 with the mean of 91.2. The value of theoretical CN, estimated on the base of land use and soil types, is 84.4 (Pham 2010). These results confi rm earlier fi ndings (Hawkins et al. 1993; Banasik, Woodward 2010 ) that small events overestimate the representative CN for the catchment. So only larger events are considered for fi nding the representative CN, based on mean retention parameter S m (Tab. 1, column 7), which is computed from the formula:
where S m is the mean value for S for storm (i) and all larger events i.e. when storms have been placed in order from the largest to the smallest rainfall depth. The valuse S m is increasing from 72.5 to 91.2 (Tab. 1, column 9 and Fig. 2 ) with the rainfall depth decreasing from the largest one to the lowest one. The CN-value for the four largest events, according to rainfall depth, i.e. for P > 10 mm is 84.4 and for the fi ve largest events, i.e. for P ≥ 9.7 mm, is 85.9, so it is very close to the theoretical one. As indicated by Banasik and Woodward (2010), the threshold -for taking into consideration the largest recorded rainfall-runoff events to estimate representative CN of the catchment -is the value of rainfall depth equal to initial abstraction coresponding to the theoretical CN. For the theoretical CN = = 84.6, the initial abstraction, computed as 0.2S i.e. 20% of maximum catchment retention, is 9.4 mm.
The catchment lag times estimated from the recorded rainfall-runoff events and according to Rao formula (equation 5) with relation to effective rainfall are presented on the Figure 3 . One can fi nd that for larger events i.e. H > 2.5 mm, the difference between the lag times estimated with the two methods are smaller (except one event), than for smaller events i.e. with H < 2.5 mm. The differences in lag times for smaller events and one of the larger could be caused by various reasons, from which direction of cloud movement (according to fl ow direction or in opposite direction) may be the major reason. Detailed model parameters (N and k) estimated from the four events of H > 2.5 mm with close lag times of two methods of estimation are presented in the Table 2 . For computation of the parameters the SNE computer program, developed in the Department of Water Engineering of WULS -SGGW, was used. For extraction of the effective rainfall distribution from total rainfall and estimation of the parameters N and k the CN-SCS method was applied. The comparison of lag time and model parameters, estimated from the recorded events and Rao formula, demonstrates good agreement of the results in Table 2 . This is why the Rao formula has been accepted for further analysis for this catchment. 
Effective rainfall -H (mm) LAGs (h)
Rao formula Method of moments
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Prediction of catchment response to designed rainfall events with p = 10% and different durations, at various stages of land use
In order to compare the differences in responses of the catchment to rain events at various stages of land use, the rain events of probability p = 10% and various duration (D = 0.5; 1; 2; 4; 6; 8; 10 hours) have been assumed in the investigation. Basing on the relationship of intensity-duration-return period, which is applicable for center of Poland (Bogdanowicz, Stachy, 1998) the rainfall depths were found. The prediction has been carried out for the current land use (2006--2009) , earlier one i.e 1985 and initial one i.e before urbanization started, applying procedure described by Banasik (2009) Rain duration -D (h) FIGURE 6. Runoff hydrographs caused by rainfall events of return period of 10 years and various duration, at earlier land use in the catchment (1985) peak discharge along with increase of urban development. At the situation of 2006-2009 land use (full urbanisation), the peak discharge is nearly two times higher than the one of 1985 i.e 8.9 m 3 /s at current land use and 4.2 m 3 /s at land use of 1985. In case of initial land use (i.e. assumption for 0% impervious area and CN = 69) the peak discharged was 1.1 m 3 /s, and has been caused by rain of D = 6; 8; 10 hours. The current catchment response would be over eight times higher than at the agricultural land use. 
CONCLUSIONS
The aim of this study was to assess the infl uence of urbanisation on fl ood hydrograph of a small catchment located in southern part of Warsaw. Based on recorded events a selected procedure for simulation rainfall-runoff process has been accepted for fl ood estimation. The Soil Conservation Services Curve Number method (SCS-CN) and empirical formulae for Nash model parameters, developed by Rao et al. (1972) were used to analyze the nine selected events from 2007 to 2009. The catchment, which urbanisation started in the late 70-ties of the previous century, is nearly totally urbanised now. The fl ood hydrographs, as responses of the catchement to rainfall events of return period of 10-years and various duration, were estimated for three different stages of urbanisation i.e. initial land use (no urbanisation), intermediate one (ca 1985) and the current one.
The CN-SCS method, Nash Model, Rao formulae, GIS and SNE computer program were used to investigate nine selected rainfall-runoff events recorded in the period from 2007 to 2009 and to predict direct runoff hydrographs in a small urbanized catchment of Płaskowicka in the south of Warsaw. The prediction presented how the catchment responds to rainfall events of return period of 10-years with different duration, for current land use (2006) (2007) (2008) (2009) , the earlier land use (1985) and initial one i.e. without no urbanization (1978) . The conclusions obtained from this analysis are as follows:
The selected procedure for rainfallrunoff simulation, based on CN-SCS method for effective rainfall estimation and the Nash model for transformation of effective rainfal into direct runoff hydrographs, allows regenerate recorded runoff hydrographs. This procedure, used with Rao et al. formulae for parameter estimation of the Nash model, allowes to analyse infl uence of urbanisation on fl ood hydrographs. The value of CN, estimated from mean retention parameter S of recorded events with rainfall depth higher than initial abstraction is approaching the theoretical CN. The results of lag times and model parameter estiamted from Rao formulae and from largest recored events are very close to each other. Urbanisation of the analysed catchment, from the initial land use as in late 70-ties to the current one, would increase runoff hydrograph peak, as respnse to rainfall events of retern period of 10 years, over eight times (from 1.1 m 3 /s to 8.92 m 3 /s). In the further development of the catchment. i.e. with assumption of higher impervious percentage, the peak discharge will be even higher. Unfortunately, economical losses and tragedy can happen even in places where people can feel safe. The results of this study should put an alarm attention for urban planners and for those who are concerned with urban fl ood management.
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